The OH initiated gas-phase chemistry of several amines that are potential candidates for use in post-combustion carbon capture (PCCC) plants have been studied by laser flash photolysis with OH monitored by laser induced fluorescence. The rate coefficients for the reaction of OH with methylmonoethanolamine (MMEA) and dimethylmonoethanolamine (DMEA) have been measured as a function of temperature (~300 -500 K):
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Abstract
The OH initiated gas-phase chemistry of several amines that are potential candidates for use in post-combustion carbon capture (PCCC) plants have been studied by laser flash photolysis with OH monitored by laser induced fluorescence. The rate coefficients for the reaction of OH with methylmonoethanolamine (MMEA) and dimethylmonoethanolamine ( 
Introduction
One of the most feasible options for the mitigation of carbon dioxide emissions from fossil fuel power stations is post-combustion carbon capture (PCCC) using amines. [1] [2] [3] [4] Monoethanolamine (MEA) is considered as a benchmark solvent in terms of performance, and has been extensively investigated for use as a PCCC solvent although amines blends are
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Chemistry Chemical Physics Accepted Manuscript most likely to be used in commercial applications. 3, [5] [6] [7] A range of amines are being investigated, including other primary amines such as 2-amino-2-methylpropan-1-ol, secondary amines such as piperazine (PZ) and diethanolamine, and tertiary amines such as Nmethyldiethanolamine (MDEA) and triethanolamine. 8 Other ethanolamines such as Nmethylethanolamine (MMEA) and N,N-dimethylethanolamine (DMEA) have also been studied as PCCC potential solvents, and for our studies are useful model systems to help understand issues associated with the formation of toxic degradation products in the atmosphere. 9, 10 In addition, both MMEA and DMEA have been identified as potential products of the in situ degradation of MDEA during natural gas desulphurization and PCCC. 8, 11 Given the substantial volumes of amines needed for efficient CO 2 capture, large scale use of PCCC will potentially result in significant amine emissions to the atmosphere. A PCCC plant using MEA to remove ~1 Mt CO 2 per year is predicted to emit 40 -160 tonnes of MEA per year. 12 Previous studies of MEA, piperazine (PZ) and methylamines have shown that, once these amines are released into the atmosphere, their gas-phase processing, primarily initiated by OH radical reactions, will compete with heterogeneous uptake (lifetimes range from 15 min -1 hour at peak OH concentrations, typically 5 × 10 6 molecule cm -3 ). [13] [14] [15] [16] [17] [18] The atmospheric removal of amines by reaction with Cl atoms in gas-phase has been found to be a minor sink for amines (lifetime of ~20 days for typical peak Cl concentrations, around 2 × 10 3 molecule cm -3 ). 19, 20 A major concern with PCCC is the impact of carcinogenic nitrosamines (R 2 N-NO) and nitramines (R 2 N-NO 2 ), formed in the gas-phase processing of amines, on human health. 19, [21] [22] [23] [24] The yield of these toxic products depends on the fraction of amine processed in the gas-phase (hence on the overall rate coefficient for the OH + amine reaction), and on the branching ratios in the initial OH abstraction reaction. Previous determinations of the branching ratios in reaction R1 used analysis of concentration profiles of secondary-generated products obtained by chamber experiments 23, 25 and theoretical calculations. 26 Experiments carried out in the European Photoreactor (EUPHORE)
suggested that > 80% of the initial OH abstraction occurs through reaction R1a. In contrast, the theoretical work of Xie et al. found that  C-H: C-H = 0.39:0.43, 26 while calculations using the structure-activity relationships (SARs) predict that  C-H:N-H = 0.45:0.47 (Table   S2 , ESI †). 19, 27, 28 The N-centred radical generated by reaction R1b reacts with NO and NO 2 to form 2- 
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However, based on the theoretical study of da Silva, RNH-NO are significant products in RNH + NO reactions. 31 The branching ratio for the abstraction at the N-H site, r 1b , was reported to be < 0.10 by Nielsen et al. 25 , 0.15 by Karl et al. 23 and 0.17 by Xie et al. 26 The SAR calculations lead to r 1b = 0.47. 19, 27, 28 Given the discrepancies between the reported branching ratios in reaction R1, there is a clear need for the direct experimental determination of r 1a -r 1d .
The overall rate coefficient k OH+MMEA and the branching ratios in the reactions of OH The HO 2 yield and the branching ratios in the initial OH reaction are determined using the method developed previously for OH reactions with amines such as dimethylamine (DMA) and ethylamine (EA). 32 Calculations using the MESMER (Master Equation Solver for Multi-Energy Well Reactions) package 33 show that, at the relatively low pressures used in our experiments, the O 2 addition producing a stabilised peroxy species (reaction R7) does not compete with reaction R5 to affect our results. However, the O 2 addition is in competition with O 2 abstraction at atmospheric pressure.
The impact of this work on the downwind formation of nitrosamines and nitramines following emission of MEA from a typical PCCC plant is assessed using an atmospheric chemistry box model. MEA and NO x emissions are based on the PCCC pilot plant located at Mongstad, on the west coast of Norway. 24, 34 The model also incorporates typical gas-phase chemistry of background compounds and MEA, heterogeneous uptake and reactions, and plume dispersion described by a time dependent Gaussian equation.
Experimental
This work has been carried out in a slow-flow pulsed LFP -LIF system that has been described in several previous publications. 13, 16, 32 32 The total pressure in the cell was controlled via a needle valve on the exhaust line and measured using a capacitance manometer. Temperatures were measured close to the observation region using a K-type thermocouple. through an interference filter (Andover, 308 ± 10 nm). The time delay between the photolysis and the probe laser was varied using an in-house LabView program to build up an entire time-dependent OH profile. Depending on signal to noise ratios, 6 -20 laser shots were averaged for each time point.
OH + amine reactions in the absence of NO
The reactions were carried out under pseudo-first-order conditions using amine concentrations in large excess over the initial OH concentration (~1000:1). Under these conditions, in the absence of NO, the fluorescence intensity, I f , which is proportional to [OH] , decayed according to the single exponential eqn E1 (see the inset of Figure 1 and Figure S1 as examples). Figure 1 shows an example of bimolecular plot for the OH + MMEA reaction. ). The O 2 concentration was higher by a factor of ~100 than the NO 
Results and discussion
Kinetics of OH + MMEA and DMEA
The averages of the measured room temperature rate coefficients, k OH+MMEA = (8.26 ± 0.82) × 16 The errors in the bimolecular rate 38 Both previous studies used the photolysis of water in the VUV ( ≥ 105 nm 37 and  > 160 nm 38 ) to generate OH, which was probed by resonance fluorescence using a microwave discharge lamp. The measurement of Anderson and Stephens almost overlaps with our measurement. The finding of OH recycling in the OH + DMEA/O 2 system described in the next section offers a possible explanation for the lower rate coefficient found by Harris and
Pitts if small amounts of oxygen were present in these experiments. Figure 2 shows the temperature dependence of k OH+MMEA and k OH+DMEA . The negative temperature dependence observed for MMEA is similar to the temperature dependence found for MEA. 16 The rate coefficient for OH + DMEA reaction decreases more slowly with temperature and at 500 K is about 85% relative to the value at 298 K. The result is consistent with the only other temperature dependence study for OH + DMEA reaction, which reports no evident temperature dependence over the range 234 -364 K. 38 In addition, the reaction between DMEA and OD was studied. As it can be observed in Figure 2 , the rate coefficients for OH + DMEA and OD + DMEA are similar, suggesting a minimal isotope effect. This result is in agreement with our previous finding that the rate coefficients for the reactions of methylamines with OH and OD are similar. Figure S1 shows examples of bimolecular plots for OH + DMEA reaction obtained using N 2 (100%) and O 2 (10%) + N 2 (90%), respectively. It can be clearly seen that the bimolecular rate coefficient in the presence of excess O 2 , k O2 , is lower than the bimolecular rate coefficient in the absence of O 2 , k N2 , which is indicative of rapid OH regeneration. The OH yield, Φ OH , can be calculated from k N2 and k O2 (eqn E2), as shown in our previous work.
Kinetics of OH + MEA, MMEA and DMEA reactions in the presence of oxygen
Our observation of similar OH recycling for TMA (trimethylamine) + OH/O 2 13 suggests that in the case of DMEA + OH/O 2 the hydrogen abstraction occurs predominantly from a position next to the amine group of DMEA. Unlike TMA, not all the α-hydrogens are equivalent, however, the experiments using d 4 -DMEA/O 2 described in ESI † show that the 
Therefore, the OH yield will decrease with increasing pressure, which indeed was confirmed by experiments performed at different pressures at temperatures of 298 and 363 K (Fig. 3) .
The reciprocal of the OH yield is proportional to the total gas concentration, [M]:
(E3) Fig. 3 Therefore,  HO2(MEA) = r 1a . The result is in disagreement with the theoretical calculations of Xie et al., which found that both C-H abstractions are significant for MEA. 26 Our result for MEA and the finding that the abstraction from DMEA by OH occurs predominantly from  methylene group (vide supra) suggest that the abstraction from  CH 2 group dominates in the OH + MMEA reaction as well, hence  HO2(MMEA)  r (CH2) .
The branching ratios, the HO 2 yield for OH + MEA/MMEA and the DO 2 yield for OD + d 3 -MEA/d 2 -MMEA were assigned by the method developed in previous work. 32 Table   2 shows the HO 2 /DO 2 yields at room temperature and several total pressures. The values in The slightly higher value of r C-H for d 3 -MEA and d 2 -MMEA compared to r C-H for MEA and MMEA suggests that the NH 2 deuteration results in less abstraction from the amine group due to a small kinetic isotope effect (KIE) and is in agreement with the results for undeuterated and deuterated DMA and EA. 32 Our result, r 1a = 0.62 ± 0.06 for MEA, is in between of the value obtained by the EUPHORE studies of Karl et al., r 1a = 0.80 23 and the value predicted using the SARs (Table   S2 , ESI †), r 1a = 0.45. Our work used a direct method for determination of branching ratios, while EUPHORE studies calculated the branching ratios by modelling the observed time profiles of end-products. The maximum branching ratio for N-H abstraction is r N-H = 1 -r C-H and represents an upper limit for the carcinogenic compound production. For MMEA r N-H = 0.52 ± 0.06, which is 30% lower than the value obtained using the SARs, r N-H(MMEA) = 0.74, and is higher than the values found for the carbon capture amines MEA and PZ, r N-H(MEA) =
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0.38 ± 0.06 and r N-H(PZ) = 0.09 ± 0.06. 18 The result suggests that the PCCC emission of MMEA has a higher potential to form toxic compounds than the emission of MEA and PZ, although all secondary amines are of particular concern.
MESMER calculations for the pressure dependence of the HOCH 2 CHNH 2 + O 2 reaction
Reaction R1a generates an  carbon-centred radical, HOCH 2 CHNH 2 , known to react with O 2 in the atmosphere. At low pressures the oxygen reaction occurs predominantly through O 2 abstraction, producing HO 2 and 2-iminoethanol (reaction R5), while at high pressures O 2 addition, forming a collisionally stabilised peroxy species (reaction R7), dominates.
EUPHORE chamber studies proposed that at atmospheric pressure the HOCH 2 CHNH 2 + O 2 reaction proceeds 100% through reaction R7. 23, 25 In contrast with the EUPHORE studies, the theoretical calculations carried out by da Silva found that, at atmospheric pressure, the reaction largely bypasses the collisional stabilisation R7 to proceed through reaction R5. 40 In order to determine the branching ratios r 5 and r 7 at atmospheric pressure we performed master equation calculations using the MESMER package, details of which can be found elsewhere. 32, 33 MESMER solves the master equation and the subsequent eigenvalueeigenvector analysis outputs the time profiles of species concentrations together with the phenomenological rate constants of the system.
A negative pressure dependence of the HO 2 yield and a corresponding positive dependence of the RO 2 yield ( RO2 ) were obtained (Fig. 4 
Atmospheric modelling
Model description
Simulations were performed for the Mongstad PCCC plant emissions using two chemical box models. The first model contained typical gas-phase concentrations of volatile organic compounds (VOCs) observed at a European coastal background site -Mace Head, Ireland. 41 The background concentrations of NO, NO 2 and O 3 were constrained to the hourly averaged diurnal cycles measured for the North-westerly wind sector at the Weybourne Atmospheric Observatory located on the Norfolk coast of England in September 2002 (Figs. S7 -S9) . 42, 43 The Weybourne data are representative for summer conditions and have been chosen as their where k f ' is the first-order rate coefficient for heterogeneous loss, r is the aerosol particle effective radius, Ambient NO was constrained to the one minute averaged diurnal cycle of NO measured at Weybourne. 42 During each box model simulation incorporating the amine emission, NO was constrained to follow the profile generated by the dispersion model (see Fig. S12 as an example), while NO 2 and O 3 were constrained to Weybourne data (vide supra).
Results of the simulations
Day time emissions in the clear day and the cloudy day
The MEA losses under clear sky conditions are: 48% reaction with OH and 52% dispersion for emission at 10:00 and 51% reaction with OH and 49% dispersion for emission at 14:00, with heterogeneous uptake negligible in both cases. In the cloudy day simulation, emission at 10:00, MEA losses are: 93% uptake, 4% gas-phase reaction and 3% dispersion. Therefore, under cloudy conditions, only a relatively small fraction of MEA is available for reaction with OH in gas-phase. Fig. 7a shows the profile of nitramine concentration for emissions at 10:00 and 14:00.
Emissions at 10:00 and 14:00 amplifies gas phase chemistry as at 10:00 NO and NO 2 reach their maximum, while at 14:00 O 3 peaks, maximising OH concentration (ESI †). The maximum of [R 2 N-NO 2 ] is ~30% higher for the 10:00 emission than in the 14:00 scenario and is three times above the current safe guideline level of 0.3 ng m -3 (annual average), as established by the Norwegian Institute for Public Health (NIPH). 21 Owing to a lack of toxicity data on nitramines, the NIPH decided to use the cancer risk estimated for Nnitrosodimethylamine (DMA-NO) for the sum of the concentrations of nitramines and nitrosamines in air. The restriction of the air level of total nitrosamines and nitramines to 0.3 ng m -3 may be regarded as a conservative limit as DMA-NO was found to have ~6 times higher cancer potency than N-nitrodimethylamine, DMA-NO 2 . 21 However, recent studies reported that DMA-NO 2 is less toxic than 2-nitroaminoethanol and emphasized the need for additional investigations of the cancer potency of nitramines. 
Midnight emission under clear sky conditions
Numerical simulations performed using the background model shows that the concentration of NO 3 radicals (the dominate night time oxidant) 53 peaks at ~ 10 8 molecule cm -3 at midnight.
Similarly to OH, NO 3 abstracts from both C-H and N-H sites of amines. Abstraction at N-H site generates a nitrogen-centred radical which produces nitrosamine and nitramine by reacting with NO (reaction R2) and NO 2 (reaction R3). In all three midnight scenarios, dispersion is the main loss of MEA within the first five hours. As the dispersion rate decreases fast in time (eqn E7) and in the morning OH concentration starts to increase, between 05:00 -10:00 the rate of the MEA + OH reaction increases, dominating over the dispersion rate (Fig. S13 ) and leading to more nitramine formation. After reaching a maximum of about 3 -4 times above the safety level at ~10:00, nitramine is consumed by reaction with OH (Fig. 9a) . Nitrosamine formed during the night is 15 -30 times lower than the tolerance limit and photolyses rapidly upon sunrise (Fig. 9b) . A small increase in R 2 N-NO occurs between 06:30 -08:00 due to the increase in both OH and NO levels in the morning. The previous investigations used a branching ratio for OH abstraction at NH 2 group of 0.08 34, 55 while here we considered that the abstraction at N-H site to be ~ 5 times greater (r 1b = 0.38). 31 Karl et al. identified that the branching ratios in the initial amine + OH reaction is one of the main uncertainties affecting their results. 34 In line with these authors we have 
Comparison with the previous atmospheric modelling studies
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Chemistry Chemical Physics Accepted Manuscript simulations using estimates of k MEA+NO3 are very sensitive to the value of this parameter. An order of magnitude increase of k MEA+NO3 generates an important increase in the total amount of gas-phase toxic products formed over 24 hours after emission, by 40% for nitramine and by 100% for nitrosamine. It is therefore important that more research is carried out in order to constrain the rate constants and H-abstraction branching ratios in the reaction of NO 3 with ethanol amines.
Conclusions
The rate coefficients for the OH radical reactions with methylmonoethanolamine (MMEA) and dimethylmonoethanolamine (DMEA) have been determined as a function of temperature using the laser flash photolysis -laser induced fluorescence technique. The result for the OH + DMEA reaction is similar to previous results reported for a series of OH + amine reactions. [13] [14] [15] This is the first kinetic study of the OH + MMEA reaction and shows that the room temperature rate coefficient k OH+MMEA and its temperature dependence are close to the results obtained for the OH + MEA reaction. 16 The rate coefficients for both MMEA and DMEA at 298 K are in good agreement with the calculations using the structure-activity relationships (SARs). 19, 27, 28 Similarly to the OH + trimethylamine (TMA)/O 2 reaction, the OH + DMEA/O 2 reaction has been found to recycle OH. The result suggests that OH recycling through a chemical activated peroxy radical is a common signature for tertiary amines.
The dominant abstraction site in the OH reaction with monoethanolamine (MEA),
MMEA and DMEA has been found to be the methylene group next to the amine group. The branching ratio for abstraction at the α C-H site of MEA is in between the value obtained by The production of carcinogenic nitramines and nitrosamines depends on the branching ratio for abstraction at the N-H site, r N-H . As r N-H is higher for MMEA than for the standard postcombustion carbon capture (PCCC) solvent MEA, MMEA has a higher potential to form toxic compounds by atmospheric oxidation than MEA.
The health risks due to the formation of carcinogenic compounds following a typical MEA emission into the troposphere are assessed using a modified box model focusing on the 
